Surface application of broiler litter to no-till cotton could lead to degradation of water quality. Incorporation of broiler litter into the top surface soil (0.05 m) could alleviate this risk. A 2-yr field study was conducted on a silt loam upland soil to determine the effect of incorporation of broiler litter into the soil surface on nutrient and bacterial transport in runoff. The experimental design was a randomized complete block with four treatments and three replications. Treatments were (i) unfertilized control; (ii) surface-applied broiler litter at 7.8 Mg ha −1 without incorporation; (iii) surface-applied broiler litter at 7.8 Mg ha −1 with immediate incorporation; and (iv) inorganic fertilizer N (urea ammonium nitrate, 32% N) and inorganic fertilizer P (triple superphosphate) at the recommended rate. Phosphorus was surface applied at 25 kg ha −1 and N was injected at 101 kg ha −1 into the soil using a commercial liquid fertilizer applicator. Runoff was collected from small runoff plots (2.4 m by 1.6 m) established at the bottom side of main plots (13.7 m by 6.0 m). Incorporation of broiler litter reduced total N (TN), NO 3 -N, water soluble P (WSP), and total P (TP) concentrations in runoff by 35, 25, 61, and 64%, respectively, and litter-associated bacteria by two to three orders of magnitude compared with unincorporated treatment. No significant difference in total suspended solids (TSS) in runoff was obtained between incorporated and unincorporated treatments. Incorporation of broiler litter into the surface soil in the no-till system immediately after application minimized the potential risk for surface nutrient losses and bacteria transport in runoff.
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Effect of Surface Incorporation of Broiler Litter Applied to No-Till Cotton on Runoff Quality
A
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roiler litter contains nutrients required for plant growth and is considered a good organic fertilizer (Sims and Wolf, 1994; Tewolde et al., 2005) . Application of animal manure increases the supply of soil nutrients, which may subsequently be transported to surface water bodies in overland flow, particularly when left near the soil surface (Little et al., 2005) . Many studies have been conducted to determine the effects of broiler litter on cotton (Gossypium hirsutum L.) (Sistani et al., 2004; Mitchell and Tu, 2005; Reddy et al., 2004; Tewolde et al., 2007) . Tewolde et al. (2007) reported that cotton fertilized with broiler litter had significantly greater lint yield than cotton fertilized with inorganic fertilizer at equivalent available N rates with conventional and notill management systems. Without incorporation, however, surface-applied manure is extremely vulnerable to losses into surface waters when runoff occurs shortly after application (Hansen et al., 2002; Tabbara, 2003) . In an upland soil, Tewolde et al. (2008) reported that lack of incorporation of broiler litter into the top surface soil in no-till cotton reduced lint yield up to 84 kg ha −1 , most likely due to loss of broiler litter-derived nutrients in runoff. In contrast, Mitchell and Tu (2005) found no difference in cotton yields between conventional and no-till management with either broiler litter or ammonium nitrate fertilization.
Using broiler litter as an inexpensive source of plant nutrients for no-till cotton production has been increasing in southeastern states. Surface application of broiler litter to no-till cotton without incorporation exposes the litter and its nutrients to potential loss in runoff, volatilization, and wind erosion. Despite the cost-effectiveness of broiler litter as an organic N and P fertilizer, the potential impairment of surface water from soluble nutrients, metals, and pathogens contained in broiler litter are of concern, particularly in the absence of tillage.
Surface application of broiler litter has resulted in substantial loss of litter nutrients in surface runoff following rain events (Edwards and Daniel, 1993; Han et al., 2000; Moore, 1998; Shreve et al., 1995; Westerman et al., 1983; Wood et al., 1999) . In addition, it is widely known that manure may contain pathogenic bacteria, viruses, and parasites (Pell, 1997) . Poultry litter microbial quantity has been reported to range from approximately 9 log 10 cfu g −1 of aerobic culturable bacteria to as high as 11 log 10 cfu g −1 (Terzich et al., 2000) . Because of the large quantity of manure generated by livestock and applied to the land (Weaver and Souder, 1990) , runoff of microorganisms from land receiving manure is frequently the cause of water impairment. In addition to violations of water quality standards, pathogens such as Salmonella, Campylobacter, Cryptosporidium, Giardia, and Escherichia coli O157:H7 from agricultural operations may directly threaten human health (Meals and Braun, 2006) . In notill fields, the risk of nutrients and bacterial losses in runoff are greatly increased when rain events occur shortly after manure application (Brooks et al., 2009; Tabbara, 2003; Vories et al., 2001) . Thurston-Enriquez et al. (2005) reported large numbers of bacteria in runoff following manure application. However, changes in agronomic practices may help to mitigate this problem (Tate et al., 2006) . For example, incorporating manure into the soil may enhance survival of microorganisms by sheltering them from lethal stresses, while also removing them from interaction with surface runoff. Soils can effectively remove microorganisms from percolating water by adsorption, filtration, and predation (Crane and Moore, 1984; Ellis and McCalla, 1978; Moore et al., 1988; Trevisan et al., 2002) .
Proper land application of manure is critical to water quality in watersheds at significant risk for transport of nutrients or microbial pathogens to surface water. Giddens and Rao (1975) found that incorporation of poultry litter into the top 10 cm of soil reduced NH 3 volatilization by 55% and doubled the NO 3 − -N concentration in the soil. Any cultural practice that prevents nutrient and bacterial losses in runoff improves soil fertility and protects water quality. Several studies have compared animal manure and fertilizer applications on corn yield, pasture, and water quality (Eghball and Gilley, 1999; Nichols et al., 1994; Soileau et al., 1994; Tabbara, 2003; Tarkalson and Mikkelsen, 2004) . Edwards and Daniel (1993) reported losses of 2.2 to 7.3% of broiler litter total P (TP) in runoff water following surface application. Incorporation of broiler litter reduced reactive P in runoff by 97% (Tarkalson and Mikkelsen, 2004) . Shallow incorporation of broiler litter into the top soil surface in a no-till system increased cotton lint yield by 84 kg ha −1 ) and improved soil productivity compared with unincorporated broiler litter. However, the effect of this practice on runoff water quality has not been fully documented.
Much research has been conducted on runoff water quality as affected by manure application to forages and row crops in response to rainfall simulation (Eghball and Gilley, 1999; Grande et al., 2005; Pote et al., 2003; Shreve et al., 1995; Tabbara, 2003) . Rainfall simulation generally produces rainfall equivalent to a 5-to 10-yr storm event and represents worstcase scenarios, rather than characterizing typical soil and runoff response to natural conditions. The intensities used in rainfall simulation studies are generally greater than what occurs naturally (Hershfield, 1961) . Few studies have been conducted evaluating runoff water quality from broiler litter-amended soil under natural rain events (Finlay-Moore et al., 2000; Sistani et al., 2006; Wood et al., 1999) . The effect of broiler litter application to a no-till cotton field on runoff water quality under natural rainfall in Mississippi is unknown. It was hypothesized that incorporation of broiler litter into the top surface soil reduces nutrient losses in runoff and improves soil fertility. The objective of this study was to evaluate the effect of broiler litter incorporation into the top soil surface in a no-till system on runoff sediment, nutrient, and bacterial losses.
Materials and Methods

Experimental Design and Site Characterization
A field study was conducted from 2004 to 2005 at the Mississippi Agricultural and Forest Experiment Station near Pontotoc, MS (34°8¢30² N, 88°59¢36² W), in an Atwood silt loam soil (finesilty, mixed, semiactive, thermic Typic Paleudalfs). The field was under no-till practice for 5 yr before this study. The site had a uniform slope of 5%. This moderate slope helped promote surface runoff and was typical of the surrounding topography. Before instituting treatments, background soil samples were collected from the 0-to 15-cm depths. Soil was air dried, ground to pass through a 2-mm sieve, and analyzed to determine soil pH (1:1, soil:water [Watson and Brown, 1998 ]), extractable P (Mehlich, 1984) , total C and N (automated dry combustion C/N analyzer), and bulk density (Tester, 1990) . Analytical results for the 0-to 15-cm depth were: pH, 6.3; P, 12.7 mg kg ; and bulk density, 1.31 g cm . The experimental design was a randomized complete block with four treatments replicated three times. Individual treatments were designated as (i) unfertilized control; (ii) surface-applied broiler litter at 7.8 Mg ha −1 without incorporation; (iii) surface-applied broiler litter at 7.8 Mg ha −1 with immediate incorporation; and (iv) inorganic N and P fertilizer. Inorganic P fertilizer (triple superphosphate, 0-20.1-0 on an elemental P basis) was surface applied at the recommended rate of 20 kg P ha −1 as determined by the Mississippi Soil Testing Laboratory. Fertilizer was applied using hand-held shakers in two directions to ensure uniform distribution. Urea ammonium nitrate (UAN, 32-0-0) was applied at 101 kg N ha −1 into the soil about 0.15 m away from the row and at a depth of 0.10 m at planting, using a commercial liquid fertilizer applicator. Broiler litter was surface applied by hand to one replicate at a time on 19 May 2004 and 5 May 2005. A garden rake was used to redistribute broiler litter uniformly within each plot. Broiler litter was applied at a rate equivalent to inorganic fertilizer N rate based on the assumption that 50% of organic N in broiler litter mineralized in the first year of application (Bitzer and Sims, 1988) . Broiler litter was incorporated into the top 0.05-m surface soil using a tractorpowered, rotary hoe tiller-immediately after application. One day following broiler litter applications, cotton cultivar DPL 451 BR was planted using a six-row planter (John Deere 7340 MaxEmerge no-tillage vacuum planter, John Deere, Moline, IL).
Broiler litter was obtained from a commercial broiler house close to the station. Broiler litter samples were collected from the manure source before application. Broiler litter samples were analyzed for available N (NH 4 + N and NO 3 − N) by extracting fieldmoist samples (2 g of litter and 40 mL of M KCl) and NH 4 + N and NO 3 − N were determined using a Lachat system (QC, 8000 flow injection analyzer, Lachat, Loveland, CO). The remainder of each sample was air dried, ground (<2 mm), and used for chemical analyses. Total N and C contents in broiler litter were measured using an automated dry combustion method using a ThermoQuest C/N analyzer (CE Elantec, Inc., Lakewood, NJ). Total P content of broiler litter was determined by dry ashing a 1-g sample (Isaac and Kerber, 1977) and analyzed for P using an inductively coupled dual axial argon plasma spectrophotometer (ICP, Thermo Jarrell-Ash Model 1000, Franklin, MA). Selected characteristics of broiler litter and N and P application rates in 2004 and 2005 are listed in Table 1 .
Runoff Sampler Design and Construction
In 2004, after planting cotton, runoff plots were constructed at the bottom part of main plots. Individual runoff plot dimension was 2.4 m long by 1.6 m wide and runoff was collected from an area of 3.8 m 2 . A stainless-steel frame (0.25 m deep) was installed at a depth of 0.10 m on the upslope end and both sides of each runoff plot to prevent leakage and isolate surface runoff plots. A metal screen was placed perpendicular to the soil at the downstream end of the runoff plots to minimize transport of plant residue and other debris from the surface runoff plots to the collectors. Soil particles and suspended solids in runoff, however, were able to go through the metal screen. A triangular stainless steel runoff collector was installed at the lower end of each runoff plot and a hole was excavated at the apex of the runoff collector. The hole was connected to a 0.05-m-diam. polyvinyl chloride pipe that directed runoff flow to a 20-L carboy, located within a larger 80-L container to catch any overflow runoff water. The carboy and container were located below the surface and covered. A canopy was placed over each collector to exclude direct rain.
In 2005, at the beginning of growing season and before broiler litter application, all the metal borders around the runoff plots and runoff collectors were removed from the field. Before removal of runoff plot constituents, the perimeter of each runoff plot was marked with spray paint. After broiler litter application and planting cotton, the runoff plots were reinstalled exactly in the same locations.
Runoff Sample Collection and Analyses
Nutrient Analyses
Rainfall was measured using an automated weather station located at the study site. After each runoff event, runoff volume from each plot was measured by pouring the water from the 20-L collection carboy into a graduated cylinder and a sample was collected in a 250-mL, high-density polyethylene container for nutrient analyses. Runoff samples were placed in a cooler containing icepacks and transported to the lab within 1 h of collection. A portion of runoff samples was centrifuged (7826 × g for 15 min) and filtered through a 0.45-mm membrane filter for measuring water soluble P (WSP), NH 4 + N, and NO 3 − N. The remaining unfiltered samples were used for determination of TP and TN concentrations, and microbial analysis. Water soluble P was measured directly in the filtered runoff samples using an inductively coupled plasma (ICP) Spectrophotometer. The concentration of NO 3 − -N and NH 4 + -N were determined in the filtered samples using a Lachat instrument. In each runoff event, mass loss of each constituent per plot was calculated from runoff volume and concentration measurements.
To determine total solids (TS), a 50-mL aliquot of the unfiltered runoff sample was evaporated in a weighed dish and dried to constant weight in an oven at 105°C; the increase in weight over that of the empty dish represents the TS. Total dissolved solids (TDS) were determined similarly by drying the filtered samples. The difference TS minus TDS represents total suspended solids (TSS) (Tabbara, 2003) . Total P in the unfiltered runoff samples was determined by digesting 5 mL of each sample with 1 mL of concentrated H 2 SO 4 and 0.3 g of potassium persulfate on a digestion block and then diluting to 10 mL with deionized water (Pote and Daniel, 2000) . Digested samples were analyzed for TP using an ICP Spectrophotometer. Unfiltered samples were also digested for TN using a microKjeldahl procedure (Nelson and Sommers, 1973) .
Microbial Analyses
Collected runoff samples from individual plots were analyzed for microbial concentrations. Runoff samples were frozen at -20°C after collection and before DNA extraction, and were defrosted at room temperature. The DNA was extracted from each sample using the Mobio UltraClean Soil DNA Extraction kit (Mobio Laboratories Inc., Carlsbad, CA), following a modified (manufacturer's recommended) protocol. Before extraction, approximately 10 to 150 mL of runoff water was first filtered through a 0.45-mm membrane filter (Millipore, Billerica, MA). Following filtration, filters were cut into eight pieces using sterile blades. These eight pieces were loaded into a Mobio-provided bead tube and the manufacturer's recommended protocol was followed. The selected DNA extraction kit provided for a vigorous polymerase chain reaction (PCR) inhibition removal process.
Following DNA extraction, DNA was subjected to PCR using a series of primers: 16S rRNA (8F, 1492R; Lu et al., 2003) ; Escherichia coli (uidA; Bower et al., 2005) ; Clostridium perfringens (Atox; Yoo et al., 1997) ; Staphylococcus (staph750/756; Zhang et al., 2004) ; S. aureus (Nuc; Zhang et al., 2004) ; and Enterococcus (tuf-ent; Ke et al., 1999) . The PCR conditions were as follows: - Quantitative polymerase chain reaction (qPCR) analysis of the 16S rRNA gene was performed using the following cycling conditions: one cycle at 95°C (10 min) and 40 repetitions of two temperature cycles at 95°C (15 s) and 60°C (1 min), followed by melt-curve analysis consisting of 95°C (15 s), 60°C (30 s), and 95°C (15 s). The qPCR reaction conditions were established using 12.5 mL of the ABI syber green master mix (Applied Biosystems), 1.0 mL each primer (10 mM), and PCR H 2 O to 23 µL. The qPCR was performed in an Applied Biosystems ABI 7300 real time system using Applied Biosystems 96 well PCR plates and RTiPCR-grade sealing film (Applied Biosystems). Two microliters of extracted DNA was added to the reaction for 16S rRNA quantification, using primers from Nadkarni et al. (2002) . Positive control and standard curves were developed using DNA extracted from Escherichia coli ATCC 25922 (American Type Culture Collection, Manassas, VA) and PCR amplified to produce approximately 10 8 copies of the 16S rRNA gene, which was then serially diluted to generate a standard curve comprised of 10° to 10 4 gene copies per reaction well. Standard curves were operated in duplicate.
Soil Analyses
Soil samples were taken at the end of each growing season at the 0-to15-cm depth and analyzed for total C, TN, NO 3 − N, and Mehlich-III extractable soil P. In each plot, five cores (2.5 cm in diam.) were taken from the main plots, mixed thoroughly, and a representative sample was used for analysis. Soil samples were air dried, ground to pass a 2-mm sieve, and stored for chemical analysis. Total C and TN were determined using an automated dry combustion method and a ThermoQuest (CE Elantec, Inc., Lakewood, NJ) C/N analyzer. Soil samples were also extracted using Mehlich-III procedure (Mehlich, 1984) and the extracts were analyzed for P concentrations using an ICP Spectrophotometer.
Statistical Analysis
Data for each variable were analyzed by analysis of variance by year. In each year, all response variables for soil and runoff samples, including N, P, TSS, and bacterial concentrations, were analyzed by subjecting the data to statistical analysis of using the General Linear Models procedure in SAS (SAS Institute, 1996) to perform ANOVA. Analysis of variance was performed for each year, separately. Statistical differences of means were compared with Fisher's least significant difference at probability level of 0.05.
Results and Discussion
Rainfall patterns were typical of the Southeast with most rain occurring during the winter and early spring (Fig. 1) . In 2004, total precipitation (1803 mm) was 6% more than the historic 30-yr average (1703 mm). Total precipitation for each month was greater than average, except in June and September, in which the total monthly precipitation was less than average. In 2005, total precipitation (1151 mm) was 32% less than the historic 30-yr average (1703 mm). In 2005, the amounts of precipitation, for each month, were less than average, except in July, August, and September, in which amounts were more than average (Fig. 1) .
In 2004 and 2005, the first runoff events occurred 10 and 30 d after litter application, respectively. The number of runoff events were 11 and 10 in years 2004 and 2005, respectively. In 2004 and 2005, the quantities of runoff for broiler litter treatments were significantly smaller than for the control and inorganic fertilizer treatments. These results were in agreement with the work of others, who reported that manure application and organic matter addition to the soil increases water infiltration rate and decreases the potential for overland flow (Wood et al., 1999) . Incorporation of broiler litter significantly reduced the quantity of runoff as compared with unincorporated litter in both years (Fig. 2) . This result demonstrated that disturbing surface soil after litter application lowers runoff volume. Soil disturbance created uneven surfaces that increased water storage and/or infiltration and led to reduced runoff and less nutrient loss. These results agree with those of several other studies, which reported lower runoff volume from tilled compared with no-till systems (Dabney et al., 2004; Daverede et al., 2003; Mueller et al., 1984) . Differences in the volume of runoff have generally been related to manure application, incorporation (Mueller et al., 1984) , and surface roughness (Blevins et al., 1990) . In the present study, the effect of broiler litter incorporation into the surface soil disappeared after four runoff events in both years and no significant differences in runoff volume were observed among treatments during late fall, winter, and early spring (Fig. 2) . Factors controlling the type of flow (overland or infiltration) from the runoff plots included the frequency and intensity of precipitation, slope, soil texture, permeability, and vegetative cover, which were assumed to be similar across the plots in both years. Since the effect of year by treatment interaction was significant for each variable (Table 2) , the results were presented separately for each year. (Table 3) .
Nitrogen Concentrations and Transport Losses
Several studies have reported lower NH 4 + -N concentrations in runoff from incorporated tilled plots than no-till plots (Eghball and Gilley, 1999; Zhao et al., 2001 ), but we found no difference between NH 4 -N concentrations from incorporated and unincorporated broiler litter treatments (Table 3 ). This lack of difference could be due to reduction of NH 4 -N concentrations by NH 3 volatilization from unincorporated litter (Nichols et al., 1994; Pote et al., 2003) , adsorption of NH 4 + -N to mineral particles (Chantigny et al., 2002) , or accelerated nitrification when broiler litter was incorporated (Reddy et al., 2004) . These results show that in no-till systems, NH 4 + -N losses from unincorporated broiler litter could be reduced if runoff events do not occur soon after application. In addition, in 2004 and 2005, NH 4 + -N concentrations were less than the 2.5 mg L −1 threshold used for the protection of aquatic life (USEPA, 1986) .
The NO 3 − -N concentrations were significantly affected by broiler litter application. Nitrate N losses were greater from broiler litter application than from control and inorganic fertilizer treatments in 2004 and 2005 (Table 3) . Incorporating broiler litter into the surface soil significantly reduced nitrate N in runoff compared with unincorporated litter. As in our study, Zhao et al. (2001) reported lower NO 3 − -N losses in surface runoff from incorporated manure treatments compared with the no-till system. In contrast to our results, however, Eghball and Gilley (1999) , using rainfall simulation, reported greater NO , 1995) . Total N concentrations were significantly affected by broiler litter application. Total N losses in surface runoff were greater from broiler litter applications than from control and inorganic fertilizer N (Table 3) 
Phosphorus Concentrations and Transport Losses
The concentration and transport losses of WSP and TP in runoff were greater with unincorporated litter than with other treatments (Table 4 ) because manure density is relatively low and when applied on the soil surface can be easily transported in overland flow, which results in higher nutrient concentrations in runoff. The higher concentration of P fractions in runoff with unincorporated broiler litter than inorganic fertilizer were probably related to the higher rate of applied P from litter application, greater affinity of broiler litter P to be carried in runoff than fertilizer P (Tarkalson and Mikkelsen (2004) , and possibly due to inorganic P retention in the soil matrix. Phosphorus was added at the rates of 101 and 88 kg ha −1 in 2004 and 2005, respectively, based on N requirements of cotton (Table 1) . Inorganic fertilizer was applied at the rate of 25 kg P ha −1 each year as determined by the Mississippi Soil Testing Laboratory. Tarkalson and Mikkelsen (2004) reported that solubility of inorganic fertilizer P and high potential P sorption capacity of the soil favor more adsorption of inorganic fertilizer P compared with broiler litter-derived P. Incorporation of broiler litter into the top surface soil reduced loading of WSP and TP concentrations in runoff (61 and 57% in 2004 and 60 and 71% in 2005 , respectively) compared with unincorporated broiler litter (Table 4 ). These reductions in P fractions in runoff from incorporated litter could be related to lower runoff volume in incorporated treatment (Fig. 2) . No difference in concentration and transport of P fractions in runoff were found between the incorporated broiler litter and control treatment (Table 4) , suggesting incorporation of broiler litter conserved P in the soil and reduced the potential of P loading in runoff. The concentrations and transport of WSP and TP fractions in runoff water from both unincorporated and incorporated broiler litter plots were much greater in 2005 than in 2004. Higher P losses in 2005 might be attributed to the accumulation of TP near the soil surface and increased soil test P levels in 2005, after 2 yr of litter application. These results agree with the work of McDowell and Sharpley (2002) who reported that the amount of P loss in runoff is greatly influenced by soil test P levels. In agreement with our results, several studies have determined the relationship between soil Table 2 . Effects of year, treatments, and year by treatment interactions on runoff pH and nutrient concentrations. 052 † IC = inorganic C; OC = organic C; TC = total C; TN = total N; WSP = water soluble P; TP = total P; TSS = total suspended solids. ‡ The first two rows are average values for each year and the next four rows are average application rates for both years. § In = incorporated; Un = unincorporated. test P levels and WSP or TP concentration in surface runoff for assessment of site vulnerability to P losses in overland flow (Kleinman et al., 2004; Schroeder et al., 2004; Sharpley et al., 2003; Tarkalson and Mikkelsen, 2004) . Phosphorus concentration in runoff from each treatment (Table 4) exceeded the threshold P concentrations of 0.002 to 0.09 mg L −1 necessary for algal growth (Chu, 1943; Sawyer, 1947) .
Sediment Concentration and Transport Losses
There was less sediment in runoff from plots that received broiler litter than from the control plots (Table 4) . These results are in agreement with the work of Little et al. (2005) who reported that manure treatments reduced total suspended solid (TSS) loads and concentrations compared with control treatments. In our study, shallow incorporation of broiler litter reduced the load of sediments in runoff by 39 and 41% in 2004 and 2005 , respectively, compared with the control (Table  4 ). In agreement with our results, several studies have reported that partial incorporation of manure is often more effective at reducing sediment losses than conventional tillage (Mueller et al., 1984; Ginting et al., 1998a) . Vories et al. (2001) reported that reduction of sediments in broiler litter plots could result from improvements in soil hydraulic properties associated with organic matter addition. Manure is known to have inhibitory effects on soil loss by protecting soil from raindrop impact, reducing particle detachment, and preventing surface sealing (Grande et al., 2005) . Lower sediment concentrations and runoff volumes under broiler litter treatments are attributed to litter residue and increased soil organic matter content, which increase water infiltration and decrease soil loss (Wood et al., 1999) . In our study, no differences in concentration or load of suspended solids in runoff were observed between incorporated and unincorporated broiler litter (Table 4) , indicating incorporation of broiler litter into the soil surface did not affect soil erosion.
Bacterial Loss in Runoff
Although manure incorporation following application to cropland has long been recommended to reduce runoff loss of nutrients, potential influences of incorporation on bacterial loads in runoff are less clear. Some studies have documented substantial bacterial dieoff due to predation or immobilization of organisms through adsorption onto soil particles when manure is mixed into the soil (Reddy et al., 1981) . In our study, incorporation of broiler litter into the top soil surface appeared to play a key role in reducing nutrient and bacterial losses in surface runoff (Table 5) . Brooks et al. (2009) found indicators of bacterial runoff as the result of broiler litter application as measured by the presence or absence of PCR analyses. However, only 16SrRNA analyses indicated the presence of bacteria in runoff samples collected from this study. Staphylococcus, Enterococcus, and C. perfringens have been suggested as possible indicators of broiler litter land application (Brooks et al., 2009 ), are not as numerous, particularly as litter ages (Brooks et al., 2009) . Given this, the use of qPCR for the detection of 16S rRNA genes enabled the detection of differences in overall bacterial quality when traditional indicators were below detection and failed to discern treatment differences. The qPCR analysis, using the 16S rRNA gene as a target, determined that unincorporated litter-treated plots yielded approximately two to three orders and one to two orders of magnitude greater gene copies in runoff than the control and incorporated treatments, respectively (Table 5 ). This may indicate that incorporating manure is an effective strategy for reducing bacterial loss from manure-applied fields, possibly due to reduced manure exposure to rain events and from interaction with surface runoff (Heinonen-Tanski and UusiKamppa, 2001; Hutchison et al., 2004) . Soils can effectively remove microorganisms from percolating water by adsorption, filtration, and predation (Ellis and McCalla, 1978; Crane and Moore, 1984; Moore et al., 1988; Trevisan et al., 2002) . Disturbing surface soil after litter application reduces runoff volume and bacterial loss compared with undisturbed surface.
Soil Nutrient Concentrations
Compared with the control and inorganic fertilizer, incorporation of broiler litter increased soil C by 20 and 17% in 2004, and by 22 and 31% in 2005, respectively (Table 6) . Pote et al. (2003) reported that incorporation of broiler litter into the soil surface under no-till systems decreased CO 2 emissions and increased soil C levels. In agreement with these results, Parker et al. (2002) reported that poultry litter applied to cotton at the rate of 6.7 Mg ha −1 increased soil C by 26%. In our study, no difference in soil C was observed between inorganic fertilizer and the control, indicating lack of organic residue application from inorganic fertilization (Table 6) litter may be related to NO 3 − -N loss in runoff, which increased by 32% compared with incorporated litter (Table 3) . Eghball and Power (1999) reported that manure application to no-till, without incorporation, reduced its nutrient value.
Soil WSP was greater for broiler litter than for the control and inorganic fertilizer ( Table 6 ). The magnitude of WSP for incorporated broiler litter was approximately 61% less than unincorporated litter and the potential P loss in runoff was reduced, which resulted in increasing soil P content (Table 6 ). When broiler litter was incorporated, soil Mehlich-III P was increased by 14% in 2004 and 12% in 2005 compared with unincorporated broiler litter (Table 6 ). Broiler litter fertilization of no-till cotton increased soil Cu and Zn concentrations compared with the control and inorganic fertilizer treatments. Unincorporated litter treatment resulted in reducing soil Cu and Zn concentrations by 45 and 61%, respectively, in 2004; and 38 and 45%, respectively, in 2005 compared with incorporated litter. Lower soil Cu and Zn concentrations with unincorporated litter are reflected in higher loading of these elements in runoff, which agrees with Moore (1998) who reported that leaving broiler litter on the soil surface resulted in litter nutrient losses in runoff.
Conclusions
The results supported the hypothesis that incorporation of broiler litter into the top soil surface significantly reduced nutrients and microbial concentration in runoff, maintained broiler litter derived nutrients, particularly P, in the soil, and improved soil fertility. Long-term effects of broiler litter incorporation into the top surface soil may result in increasing P sorption to soil and decrease P losses in runoff. Results may vary on other soils and in other climates; thus, more research would be needed to make site-specific or area-specific decisions. This study accomplished, for the assessment of interseasonal and interannual variations in runoff losses in response to natural rainfall with varying rainfall patterns, something not possible from even repeated rainfall simulation studies over a similar time period. 
